Purpose of review Gonorrhea is a major global health concern, caused by the bacterium Neisseria gonorrhoeae. The main clinical feature of acute gonorrhea is neutrophilic influx that is unable to clear infection. Women of reproductive age are predominantly at risk for serious sequelae of gonorrhea, including pelvic inflammatory disease, ectopic pregnancy, and infertility. This review will highlight how neutrophils are recruited to the female reproductive tract (FRT) in response to N. gonorrhoeae, how N. gonorrhoeae resists killing by neutrophils, and the connection between neutrophilic inflammation and cellular damage.
INTRODUCTION
The Gram-negative diplococcus Neisseria gonorrhoeae (the gonococcus) causes the sexually transmitted infection gonorrhea, with an estimated 78 million cases worldwide each year [1] . Increasing rates of infection, the emergence of multidrugresistant strains, and the lack of a protective vaccine have prompted the United States Centers for Disease Control and Prevention and WHO to classify N. gonorrhoeae as a top infectious threat [1] . Women are particularly at risk for negative outcomes associated with gonorrhea, including pelvic inflammatory disease (PID), ectopic pregnancy, and infertility [2] .
Infection elicits a robust inflammatory response featuring the influx of neutrophils. Despite this potent immune response, secretions from infected individuals contain viable bacteria, many of which are associated with neutrophils [3] . Sustained neutrophil influx in other infectious conditions has been linked to epithelial cell damage and pathology associated with disease [4] [5] [6] . We posit that the ability of N. gonorrhoeae to elicit neutrophilic inflammation in the female reproductive tract (FRT) is central to its ability to persist within its obligate human host and be transmitted to new hosts, while contributing to the negative outcomes in women. This review will highlight recent contributions to our understanding of the neutrophilic inflammatory response to N. gonorrhoeae in the FRT, the
N. GONORRHOEAE STIMULATES A NONPROTECTIVE NEUTROPHILIC INFLAMMATORY RESPONSE IN THE FEMALE REPRODUCTIVE TRACT
The initial site of gonococcal infection in women is the endocervix, the transition from the lower to upper FRT (Fig. 1) . Despite neutrophilic cervicitis, the majority of women with cervical gonorrhea do not report symptoms (reviewed in [7, 8] ). Although genital mucosal secretions contain cationic antimicrobial peptides (CAMPs) and other bactericidal components, N. gonorrhoeae survives in their midst (Fig. 1) . The MisR-MisS two-component regulatory system confers inducible resistance in N. gonorrhoeae to CAMPs by directing the expression of genes important for envelope integrity [9 & ], which enhances gonococcal colonization and extends infection duration in a mouse model of lower FRT gonorrhea [10 & ].
The recruitment and activation of neutrophils in response to N. gonorrhoeae is coordinated by cellular and soluble factors. In the FRT, gonococci interact with epithelial and immune cells, including macrophages, dendritic cells, T cells, and neutrophils, to elicit the local production of inflammatory mediators and activation of a Th17-type response (Fig. 2) [16] [17] [18] 19 & ]. Moreover, gonococcal infection was recently shown to activate nonmuscle myosin II in human cervical tissue, leading to epithelial junctional disruption, exfoliation of endocervical cells, and bacterial subepithelial penetration [20 & ].
Pattern-recognition receptor activation by gonococcal pathogen-associated molecular patterns
During infection, cytokine production is driven by signaling via epithelial and resident immune cell pattern-recognition receptors (PRRs) that recognize gonococcal pathogen-associated molecular patterns (PAMPs) (Fig. 2) . Levels of PRRs, particularly Tolllike receptor 4 (TLR4), which recognizes the lipid A moiety of gonococcal lipooligosaccharide (LOS), and numbers of myeloid cells both increase from the lower to upper FRT, such that an immune response is mounted only to pathogens that ascend into the upper FRT and not to the resident microbiota of the lower FRT (Fig. 1) N. gonorrhoeae has mechanisms to resist and thwart neutrophil antimicrobial activities, while promoting neutrophil production and release of proinflammatory products.
Sustained neutrophil influx in response to N. gonorrhoeae is linked to host epithelial damage and serious sequelae in women with gonorrhea. FIGURE 1. N. gonorrhoeae initially infects the endocervix, a transition from multilayered squamous epithelium lining the lower FRT to single columnar epithelium lining the upper FRT. Epithelial cells provide a number of barriers to infection including maintaining epithelial tight junctions and barrier integrity, producing thick cervical mucus, and secreting cationic antimicrobial peptides (reviewed in [11] ). Gonococcal factors contributing to survival from cationic antimicrobial peptides in the genital tract include expression of the MtrCDE efflux pump, modification of lipid A with phosphoethanolamine (refer to Table 1 for more information) [12] [13] [14] , and the MisR-MisS two-component regulatory system [9
The transition from the lower to the upper female reproductive tract is also marked by changes in microbiota, pattern-recognition receptor expression, and myeloid cell frequency (reviewed in [15] ).
There is strong evidence to suggest that N. gonorrhoeae skews innate immune cell recognition and response as an element of its survival strategy in its hosts. Addition of phosphoethanolamine (PEA) to lipid A by the enzyme LptA, which is expressed by the pathogenic Neisseria, not only enhances TLR4 recognition to stimulate NF-kB-driven cytokine production, but also aids the bacteria in defense against CAMPs found in mucosal secretions and neutrophils [13, ]. These studies suggest that the large amounts of peptidoglycan fragments released by N. gonorrhoeae during normal growth may serve as decoys, to limit PRR activation in the lower FRT and enhance overall gonococcal survival.
N. gonorrhoeae manipulates the adaptive immune response, skewing the inflammatory environment to attract and activate neutrophils Despite the proinflammatory nature of gonococcal PAMPs, the subsequent host immune response is not sufficient to clear infection. N. gonorrhoeae has a remarkable ability to evade host antibody-mediated immunity, due to extensive antigenic and phase variation of its immunogenic surface structures as well as by expression of the outer membrane protein reduction modifiable protein (Rmp), which limits the generation of bactericidal antibodies [42, 43] . N. gonorrhoeae also manipulates cellular immune responses to limit adaptive immune cell activation and direct the immune response toward a neutrophilic, nonprotective presentation, as described below.
Carcinoembryonic antigen-related cell adhesion molecule (CEACAM)-1-mediated limitation of immune cell activation Most members of the family of opacity-associated (Opa) outer membrane proteins of the gonococcus interact with human CEACAM1, which is expressed on T cells, B cells, dendritic cells, and epithelial cells. CEACAM1 has an immunoreceptor tyrosine-based inhibition motif on its cytoplasmic tail, which recruits the Src homology region 2 domain containing phosphatase (SHP) phosphatase to block signaling in trans from activating receptors [44] . Engagement of CEACAM1 by Opaþ N. gonorrhoeae also drives bacterial internalization into epithelial cells, within which N. gonorrhoeae can survive while avoiding exposure to CAMPs, antibodies, complement factors, and other bactericidal components. The importance of the Opa-CEACAM1 interaction to the pathogenesis of gonorrhea is reflected in the strong selection for CEACAM1-binding gonococci in vivo [45 && ]. However, the opa genes phase-vary at high frequency and diversify by recombination and mutation, changing their ability to engage CEACAM1 and other receptors [46] . 
N. GONORRHOEAE THWARTS NEUTROPHIL FUNCTIONS TO ENHANCE ITS SURVIVAL AND PROMOTE CONTINUED INFLAMMATION
The predominant clinical feature of acute gonorrhea is the presence of viable gonococci in association with neutrophils in mucosal secretions. Although neutrophils have a robust antimicrobial arsenal (Fig. 3) , our laboratory and others have identified mechanisms N. gonorrhoeae uses to evade killing by neutrophils ( Fig. 3 and Table 1 ). Antimicrobial components are a crucial part of neutrophils' functionality, but they have the potential to damage host cells. Reactive oxygen species (ROS) oxidize lipids, proteins, and DNA, and also serve as a second messenger to enhance inflammation and neutrophil recruitment [52] . Proteases, including neutrophil-derived matrix metalloproteases (MMPs), degrade tissue extracellular matrix and contribute to sustained neutrophil recruitment (reviewed in [5] ). The CAMP LL-37 interacts with host-cell receptors including TLR4 and contributes to their continued activation during infection and inflammation [53] . Histones, released from neutrophils in neutrophil extracellular traps (NETs), induce direct epithelial cell damage [54] . NETs are also thought to contribute to the pathology associated with autoimmune diseases by providing self-antigen (such as in Systemic Lupus Erythematosus), and with cardiovascular disease by enhancing formation of atherosclerotic plaques [55, 56] . NETs are formed in response to N. gonorrhoeae, but the bacteria have multiple mechanisms to survive in association with NETs, including expression of a nuclease (Nuc) that degrades NET DNA ( Fig. 3 N. gonorrhoeae defenses against neutrophils also modulate neutrophil activation Some of the defenses used by N. gonorrhoeae against neutrophil antimicrobial activities influence neutrophil activation and extracellular release of antimicrobial components (Fig. 3) . These components may contribute to the cellular damage associated with gonorrhea in the FRT.
Variations in Opa protein expression contribute to neutrophil activation and the ability of N. gonorrhoeae to survive exposure to neutrophils. A subset of N. gonorrhoeae express Opa proteins that interact with CEACAM3, which unlike CEACAM1 has an immunoreceptor tyrosine-based activation motif in its cytoplasmic tail. Interaction with CEA-CAM3 on neutrophils leads to increased ROS production and granule release, and decreased gonococcal survival (Fig. 3) ]. In fact, Opa-gonococci are internalized by neutrophils in an opsonin-independent manner but suppress ROS production and limit phagosomegranule fusion [62, 65, 66] .
Some gonococcal defenses also limit the degree of granule fusion with phagosomes and the plasma membrane. We recently reported that addition of PEA to LOS by LptA is important for survival of N. gonorrhoeae from neutrophils, not only by defending against CAMPs, but also by limiting the extent of phagolysosome formation [35 & ]. This was surprising as PEA-modified lipid A has a higher affinity for TLR4 [34] , suggesting the activation of neutrophils by N. gonorrhoeae may be TLR4-independent. As another example, we found the peptidoglycan modifying enzymes LtgA and LtgD defend N. gonorrhoeae from neutrophils, particularly from killing by lysozyme, and limit granule fusion with phagosomes and the plasma membrane [67 && ]. This observation is in agreement with recent findings that Neutrophil killing mechanisms include phagocytosis, production of reactive oxygen species, degranulation, and neutrophil extracellular trap (NET) formation. Granule components include cationic antimicrobial proteins (CAMPs) (i.e., LL-37), membrane subunits of the nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2), and proteases (i.e., matrix metalloproteinases, MMPs). NETs are comprised of DNA that is associated with histones, CAMPs, some proteases, and calprotectin. N. gonorrhoeae has evolved elegant mechanisms to resist neutrophil killing (reviewed in [3, 16] Challenges in modeling ascending infection with N. gonorrhoeae and the consequences of neutrophil influx A direct role for neutrophils in inducing epithelial cell damage in gonorrhea has not yet been described, owing to challenges of studying gonococcal infection and neutrophilic inflammation in the FRT. Ex-vivo systems such as cell lines and tissue explants do not generally incorporate neutrophils, although basal-to-apical transepithelial migration in response to other mucosal pathogens has been modeled with monolayers of polarized epithelial cells [76] . A mouse model of lower FRT infection has been established by Jerse et al. [77] and used to probe the bacterial and host factors that are important for colonization and early neutrophil recruitment. Subsequently, gonococcal infection models using mice transgenic for human receptors and other human-specific components have been developed. In particular, in mice that are transgenic for human CEACAMs, the Gray-Owen group has reported that N. gonorrhoeae robustly infects the lower FRT and triggers a strong influx of CEA-CAM-expressing neutrophils that interact with the bacteria [64] . Although mouse models have increased our understanding of N. gonorrhoeae colonization and early inflammatory responses, at this time they do not reproduce features of gonococcal infection seen in women, including ascending infection, sustained neutrophil influx, and epithelial damage.
NEUTROPHILIC INFLAMMATION AND EPITHELIAL DAMAGE IN RESPONSE TO N. GONORRHOEAE IN THE UPPER FEMALE REPRODUCTIVE TRACT
If treatment of gonorrhea does not occur or is ineffective, N. gonorrhoeae can ascend to the upper FRT, in which the neutrophilic inflammatory response is more potent; this is correlated with increased epithelial expression of PRRs and greater numbers of resident myeloid cells that are poised to detect foreign antigens (Fig. 1) [15] . The interactions of N. gonorrhoeae with epithelial cells during ascent from the lower to the upper FRT have recently been simulated using human Hec-1-A cells cultured in a bioreactor as three-dimensional organoids [78 && ]. Gonococcal infection, but not colonization with commensal Lactobacillus crispatus or Gardnerella vaginalis, stimulates production of proinflammatory mediators (IL-1b, IL-8, and TNF-a) and alterations to host cells, including microvillus remodeling [78 && ]. A hallmark of upper FRT infection with N. gonorrhoeae is the death of ciliated cells lining the Fallopian tube. Reduced motility in the Fallopian tube, along with tubal scarring, results in infertility and ectopic pregnancy. Human Fallopian tube explants have been instrumental in demonstrating that release of LOS and peptidoglycan fragments by N. gonorrhoeae stimulate the production of inflammatory cytokines and second messengers, including TNF-a and nitric oxide [79] [80] [81] . Unlike most bacteria, including other Neisseria species, N. gonorrhoeae poorly recycles its peptidoglycan during cell wall turnover [82] Further, MMP-9 generates chemokine mimetics and extracellular matrix fragments, which further stimulate inflammation and neutrophil recruitment. Neutrophils themselves are a significant source of MMP-9, setting up a vicious cycle of inflammation and epithelial cell damage [5] .
Much remains to be learned about the mechanisms underlying N. gonorrhoeae-induced neutrophilic inflammation and damage in the upper FRT. It is unethical to conduct human challenge studies on women due to the risk of serious complications. Recently developed models of infection provide new platforms for studying neutrophil influx, measuring consequent epithelial cell damage, and testing novel therapeutics to thwart the nonproductive, sustained neutrophil response to N. gonorrhoeae. Genetic manipulation of mouse and human cells will facilitate mechanistic studies of the pathways driving neutrophil influx and host damage. These advances will enable a better understanding of how sustained neutrophilic inflammation in response to N. gonorrhoeae drives epithelial damage and serious clinical sequelae in women.
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